bstructive sleep apnea (OSA) is common, underdiagnosed and associated with cardiovascular diseases such as heart failure, left ventricular (LV) and right ventricular (RV) dysfunction, myocardial infarction, arrhythmias, and systemic and pulmonary hypertension. 1 Previous studies have shown the adverse affects of OSA on both LV and RV functions. 2,3 However, many risk factors for OSA, such as excess weight, male sex and advanced age, are the same as the risk factors for cardiovascular diseases. Proving that OSA actually causes cardiac dysfunction independent of these confounding risk factors is difficult. Early recognition of RV dysfunction before pulmonary arterial (PA) hypertension develops is important for preventing further progression to heart failure and even death. 4 Thus, there is a need for a more detailed analysis of its pathophysiologic importance and for techniques that may supplement available technology in identifying early signs of RV impairment.
consent was obtained from all patients, and the Institutional Ethics Committee approved the study. The study was conducted according to the Declaration of Helsinki.
Polysomnography
A full polysomnogram was performed on all patients (Alice5 Diagnostic Sleep System, Respironics Inc, Murrysville, PA, USA) as previously described. 9 AHI was defined as the sum of the number of apneas and hypopneas per hour of sleep, with an AHI of <5 within normal limits and numbers of 5 to 15, 15 to 30 and >30 representing mild, moderate and severe OSA, respectively. 10 Pulmonary function tests were obtained with the patients in a standing position and breathing room air. Forced spirometry was performed in accordance with the American Thoracic Society recommendations using a pneumotachograph spirometer (Sensormedics Vmax Encore CPX, Viasys Healthcare, Inc, Conshohocken, PA, USA). 11 The 2 groups were defined as control (AHI <5 h -1 ) and OSA (AHI ≥15 h -1 ).
24-h Ambulatory Blood Pressure Monitoring
Twenty-four hour ambulatory blood pressure monitoring was performed on each patient (DiaSys Systems GmbH, Holzheim, Germany).
Doppler Echocardiography
Recordings were made with a Siemens Sequoia C256 ultrasound machine (Siemens Medical Systems, Mountain View, CA, USA) using a 3V2c transthoracic transducer with the patients in the supine left lateral position. Two-dimensional echocardiographic measurements were performed according to standards outlined by the American Society of Echocardiography. 12 The following variables were measured: LV and RV diameter and wall thickness. LV mass was calculated with the Devereux-modified American Society of Echocardiography cube formula and indexed for body surface area to obtain the LV mass index. 13 The LV ejection fraction was determined using a modified Simpson's method. 12 Left atrial and right atrial maximal volumes were calculated with Simpson's method adjusted for the body surface area. 14 From the apical 4-chamber view, mitral and tricuspid inflow velocities, including early (E) and late (A) diastolic velocities, deceleration times (DT) and isovolumetric relaxation times (IVRT) were measured. RV tract outflow fractional shortening (RVOT fs) was evaluated using the parasternal short axis at the level of aortic root. M-mode recordings of the RV outflow tract were obtained and dimensions were measured at the end of diastole (onset of Q wave) and end of systole (end of T-wave) using the endocardial leading edge methodology. 15 RV global systolic function was assessed as the tricuspid annular plane systolic excursion (TAPSE) by the 2-dimensional difference of the end-diastolic and end-systolic lines (in mm) traced between the center of the ultrasound fan origin and the junction of the RV lateral tricuspid annulus in the apical 4-chamber view. 16 The RV acceleration time (AT) was obtained using the pulse wave Doppler with the pulse wave sample volume placed within the RV outflow tract. RV AT is the time interval between the onset of the systolic velocity and the peak systolic velocity. Using this measurement, the mean PA pressure was calculated by the equation: mean PA pressure = 90 -(0.62 × AT). 17 Systolic PA pressure was estimated from the sum of the modified Bernoulli equation ([tricuspid velocity jet velocity] 2 × 4) and the estimated mean right atrial pressure. 18 Right atrial pressure was estimated by the maximal size and the degree of collapse of inferior vena cava during respiration from the subcostal window. 19 The systolic PA pressure measurement was feasible in 79% of patients (42/53).
Tissue Doppler-derived systolic indices; IVA, defined as the ratio of peak myocardial velocity during isovolumic contraction (IVV) divided by AT, and peak velocity during systolic ejection (Sa) were measured from tricuspid annuli. Peak early (Ea) and late (Aa) diastolic tricuspid annular velocities were also analyzed.
Data presented are the average of 3 representative cardiac beats in sinus rhythm. All recordings and measurements were obtained by 2 experienced cardiologists who were blinded to the clinical status of the patients.
VVI
The same apical 4-chamber images used for conventional measurements were analyzed offline using VVI software (Syngo VVI, Siemens Medical Solutions, Mountain View, CA, USA). The frame rate was kept between 60 Hz and 100 Hz. The endocardial border of the RV was traced manually and automatically tracked with the software (Figure 1) . The RV free wall was divided into 2 segments (basal and mid). Peak systolic longitudinal myocardial velocities, strain and SR were recorded for each segment. The resulting velocity vectors in the 2-dimensional plane were displayed throughout the cardiac cycle. From the same tracked contour of endocardium, 2-dimensional strain and SR were obtained by comparing the displacement of the speckles in relation to one another along the endocardial contour throughout the cardiac cycle. Strain was defined as the instantaneous local trace lengthening or shortening and SR as the rate of lengthening or shortening. 20 
Statistical Analysis
Descriptive statistics are presented as mean ± SD for continuous variables and as numbers and percentages for categorical variables. Continuous variables were analyzed using Student's unpaired t-test or the Mann-Whitney U test, and qualitative variables were analyzed using the chi-squared test and Fisher's exact test when the expected frequency was <5. The relationships between 2 different parameters were evaluated by simple linear regression analysis. Stepwise forward multiple regression analysis was performed to determine the independent variables that would affect RV IVA, peak systolic strain and SR at the mid segments of the RV. Sensitivities and specificities of the best-performing cut-off values were determined with receiver-operating characteristic curves. To examine intraobserver variability, a sample of 10 VVI measurements was randomly selected for masked review by the same investigator. To examine interobserver variability, a co-investigator blinded to the clinical information and to the results of the first investigator examined 10 randomly selected VVI measurements. Intraclass correlation coefficients for the same observer and different observers were calculated using previously described formulas. 21 The standard level of significance, P<0.05, was chosen. The data was analyzed using SPSS 16.0 software (SPSS Inc, Chicago, IL, USA).
Results

General Information
A total of 27 otherwise healthy patients with moderate to severe OSA and 26 healthy body mass index-matched participants were included in the study. The baseline characteristics of the study groups are presented in Table 1 . Both groups were similar with regard to age, sex, body mass index, heart rates, and diastolic and systolic blood pressures. AHI was significantly higher in the OSA group (P<0.0001).
Echocardiographic Data
The LV echocardiographic measurements are presented in Table 2 . There were no differences in LV dimensions, ejection fraction, LV mass indices and left atrial volume indices between both groups. LV mitral inflow measurements, including E and A velocities, DT and IVRT were also similar in the 2 groups. 
RV Function by VVI
Data from VVI are summarized in Table 3 and Figure 2A . Peak systolic myocardial velocities, strain and SR of the RV basal and mid free wall were significantly lower in patients with OSA compared with the control participants.
Relationship Between RV Function Parameters and AHI
RV IVA correlated well with AHI (r=-0.519, P<0.0001).
Correlations between AHI and peak systolic velocities, strain and SR of the basal and mid RV free wall in the patients with OSA and the controls are shown in Figure 2B . After adjustment for the mean PA pressure, correlations between the AHI and RV IVA, peak systolic velocities, strain and SR remained significant, except for the RV basal free wall SR. RV mid free wall strain and SR showed the best correlations ( Table 4) . RV IVA correlated better with mid RV free wall strain (r=-0.634, P<0.0001) and SR (r=-0.612, P<0.0001) than basal RV free wall strain (r=-0.492, P<0.0001) and SR (r=-482, P<0.0001). Multiple linear regression analysis using a forward stepwise regression model that included age, heart rate, systolic and diastolic blood pressures, mean PA pressure, LV mass index, body mass index and AHI as independent variables demonstrated that AHI was the only independent determinant of RV IVA (β=-0.519, P<0.0001), RV mid free wall strain TUGCU A et al.
(β=0.568, P<0.0001) and SR (β=0.519, P<0.0001) ( Table 5) . Using receiver-operating characteristic analysis, the optimal cut-off values for RV IVA, peak systolic strain and SR obtained from the RV mid free wall in determining patients with OSA were 4.0 m/s 2 (sensitivity 85%, specificity 89%), -23.44% (sensitivity 85%, specificity 81%) and -1.38 s -1 (sensitivity 82%, specificity 77%), respectively (Figure 3) .
VVI Measurement Variability
The intraclass correlations for intraobserver variability were better for VVI-derived parameters (velocity 0. 
Discussion
To our knowledge this is the first study to demonstrate that patients with uncomplicated, newly diagnosed OSA have lower RV strain and SR as revealed by the speckle-tracking echocardiographic method VVI. In addition, TDI-derived RV IVA was also impaired in OSA patients, supporting the VVI analyses. Primary pulmonary changes due to chronic intermittent hypoxia and apnea arousals, besides many coexisting factors, such as obesity, systemic hypertension and coronary artery disease, may cause deterioration in the RV in patients with OSA. Previous studies assessing RV function in patients Receiver-operating characteristic curves demonstrating the optimal cut-off values for right isovolumic myocardial acceleration (IVA), peak systolic strain and strain rates (SR) derived from the right ventricular mid free wall, in determining patients with obstructive sleep apnea. The area under the curve (AUC), P value, cut-off, sensitivity and specificity corresponding to each parameter are given at the bottom.
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with OSA have yielded conflicting results. 22 In some studies that investigated the effects of OSA on LV and RV functions, the body mass index and hypertension of the control group was not matched to the OSA group. 23 To ensure that our conclusions regarding the effects of OSA on RV function would not inadvertently reflect the effects of systemic hypertension and obesity, we excluded systemic hypertension by 24-h ambulatory blood pressure monitoring and compared the OSA patients with similarly obese control participants that proved to be free of OSA. Data on the coexistence of an association with PA hypertension in OSA patients is also inconsistent. [24] [25] [26] [27] Most studies reported that concomitant chronic pulmonary disorders were required for OSA to cause RV dysfunction. [24] [25] [26] Severe impairment of pulmonary hemodynamics occurs in patients with concomitant lung disease and morbid obesity. 24, 25, 27 However, pulmonary hypertension at rest is present in fewer than half of all OSA patients. The hypertension is mild in most of these cases and RV functional abnormalities are thought to be partly independent of the coexistence of diurnal pulmonary hypertension. 28 Shivalkar et al demonstrated reduced left and right cardiac function by TDI. 3 Pulmonary pressures were borderline normal and showed no significant relationship with AHI. However, their control group was not matched for body mass index, and both the systolic and diastolic blood pressures were significantly higher in the OSA group. On the contrary, Arias et al demonstrated that the level of PA pressure is directly related to both the severity of OSA and the presence of LV diastolic dysfunction. 29 They excluded systemic hypertension by 24-h ambulatory blood pressure monitoring and their control group was body mass index matched. However, they did not assess RV function and structure, and the PA pressure depends on both of these parameters. To reduce these discrepancies, we excluded all patients with a mean PA pressure >25 mmHg. However, patients with OSA revealed significantly higher mean PA pressure levels. After adjustment for mean PA pressure, correlations between the AHI and particularly RV IVA, RV mid free wall strain and SR remained significant, indicating that RV functional abnormalities cannot be explained by differences in PA pressures. Moreover, multiple linear regression analysis revealed the AHI as the only determinant of RV IVA, RV mid free wall strain and SR among other clinical variables including the mean PA pressure.
The reason that conventional echocardiographic parameters except TDI-derived IVA was not able to detect RV dysfunction in this study, in contrast to previous studies, may be due to our strict exclusion criteria as we included only uncomplicated OSA patients. The VVI-derived regional RV myocardial deformation and TDI-derived IVA might have detected subtle changes at the myocardial level that had not yet become clinically apparent. Although TDI has become widespread for quantifying tissue velocities, its uses are limited due to angle dependency and velocity aliasing. In addition, despite having the potential to give relatively more reliable data on LV and RV contractile function compared with conventional methods, these indices have been shown to be preload and afterload dependent. 5 Recently, a new parameter, IVA, has been validated to be accurate and relatively load independent to measure LV and RV systolic functions. 30 Our study demonstrates a significant decrease in RV IVA (P<0.0001) in OSA patients, which supports the results from previous studies. However, there were no differences with regard to TDI-derived Sa, Ea and Aa between patients with OSA and control participants. In contrast to IVA, TDI-derived Sa, Ea, and Aa are affected by preload and afterload changes and thus revealing lower sensitivity and specificity in determining myocardial dysfunction.
In recent years, 2-dimensional strain and SR techniques, speckle tracking and VVI have become popular in evaluating ventricular dysfunction because they have the advantage of being angle independent and relatively load independent. 7 Moreover, it is possible to evaluate regional ventricular dysfunction more accurately. In a recent study by Kepez et al, apical RV peak systolic strain and SR values were significantly lower in OSA patients, while no significant differences regarding other segmental strain and SR values were observed even in the absence of pulmonary hypertension. 32 They suggested that the thinner and more trabeculated apical segment may be particularly susceptible to adverse effects of repetitive volume overload, which is caused by the generation of negative intrathoracic pressure against occluded airway in OSA patients, leading to subtle regional RV dysfunction. In the patients of the current study, reduced regional long-axis shortening was observed in both basal and mid segments, but peak systolic strain and SR in mid segments correlated better with AHI than the basal segment. Interestingly, peak systolic RV strain and SR values in the mid segments were lower in both OSA and control patients compared with basal segments. This finding was similar to a study by Pirat et al, which demonstrated lower mid and apical RV strain and SR values compared with basal segments, both in patients with PA hypertension and controls, using VVI. 33 In conclusion, RV functional changes in OSA are probably multifactorial. The structural and functional involvement of RV without the simultaneous occurrence of significant PA hypertension in patients with OSA could likely be a consequence of the state of hypoxia, increased sympathetic drive, increased oxygen demand and mechanical and hemodynamic perturbations, which may lead to cardiovascular remodeling. 34, 35 VVI-derived myocardial deformation and TDI-derived RV IVA may be able to detect these changes at the early phases of disease. Early detection of RV dysfunction is clinically important because optimal therapy can be started as soon as possible, which in turn may prevent progression to heart failure and reduce the mortality and morbidity in these subgroup of patients.
Study Limitations
The first limitation of this study is the small sample size. Second, possible gender differences cannot be established because of the fact that the patients were predominantly males. Third, our findings may not reflect the findings in the general community as we excluded systemic hypertension, diabetes mellitus and coronary artery disease, which commonly coexist with OSA. Finally, the mean PA pressures were not corroborated by cardiac catheterization.
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